materials on the diversity of the methanogen community. Two predominant microorganisms in anaerobic digesters were found to be 99% identity by the sequences of the 16S rRNA gene to the Methanoculleus and Thermogymnomonas genera deposited in GenBank.
Introduction
Anaerobic digestion is a natural process in which microorganisms decompose organic materials, the major final product is biogas and other fermentation products. This process can occur in swamps, wetlands and in digestive tract of ruminants [1] . Anaerobic microorganisms are also active in landfill sites where they may degrade landfilled bio wastes. Biogas can be collected and used as a potential source of renewable energy [2] . Basically the process occurs in an anaerobic environment through the activities of wide groups of microorganisms that decompose organic material and produce methane (CH 4 ) and carbon dioxide (CO 2 ) in a gaseous form known as biogas [3 -6] . Anaerobes play an important role in establishing a stable environment at various stages of methane digestion [7, 8] . Methane digestion offers an effective means of pollution reduction, which is superior to that achieved via conventional aerobic processes. Anaerobic digesters have been used for decades at municipal wastewater treatment plants, and more recently have been used to process industrial and agricultural wastes [9 -13] . Typically, using organic materials as the major input, the systems produce biogas that contains from 55% to 70% CH 4 and from 30% to 45% CO 2 [14 -16] .
of improved anaerobic digesters is discussed. However, the prevalence of the methanogenic populations of microorganisms as influenced by the type of substrate in methane anaerobic digesters has not been reported widely.
The aim of this research was to compare the diversity of methanogenic populations in methane anaerobic digesters with unusual input ratio of initial amount of substrate using the amplification of gene fragments and Illumina sequencing. The chosen biogas plants have never been studied before.
Materials and methods
The anaerobic digesters are located in Modřice, Bratčice, Pánov, Úvalno, Horní Benešov, Rusín, and Loděnice in the Czech Republic (Fig. 1) . 
The sampling and characteristic of substrates in the anaerobic digesters
The samples were collected from the different biogas plant reactors. The samples were taken directly from the reactors into sterile sampling vessels. After sampling, the samples were stored in thermocontainers and transported to the laboratory for further analysis. Each of the reactors processed a different type of substrate which is described in Table 1 .
Analytical methods
The pH, redox potential, temperature, total solids content, volatile solids content, and biogas composition at each anaerobic digester was determined (Table 2) . Total solids (TS) content was determined by drying at 105±5°C followed by cooling in a desiccator and weighed when a constant weight was reached, EcoCELL 111 (BMT Medical Technology Ltd., Brno, the Czech Republic) used according to Czech Standard Method (CSN EN 14346, 2007) [17] . Volatile solids content (VS) content was determined by the combustion of the samples in a muffle furnace at 550°C ± 5°C according to Czech Standard Method (CSN EN 15169, 2007) [18] by using a furnace LMH 11/12 (LAC, Ltd., Rajhrad, the Czech Republic). The pH and redox potential were determined by using pH/Cond meter 3320 (WTW GmbH, Dinslaken, Germany) in accordance with standard procedures (CSN EN 12176, 1999) [19] .
The temperature of samples was determined by using high accuracy PT100 RTD thermometer HH804U (OMEGA Engineering, Stamford, USA). Biogas composition was determined by using the gas analyser Dräger X-am 7000 (Dräger Safety AG&Co. KGaA, Lübeck, Germany).
Isolation of DNA from collected samples
The QIAamp Fast DNA Stool Mini Kit (QIAGEN GmbH, Hilden, Germany) provides fast and easy purification of total DNA from fresh or frozen stool samples and was used for DNA extraction from anaerobic digesters samples. DNA extractions were carried out according to the handbook 
Amplification and sequencing
For amplification of the V3 and V4 variable regions of the 16S rRNA gene fragments universal primers were used [20] . The primers were marked by molecular barcodes for sample identification. Maxima™ Probe qPCR Master Mix (Thermo Fisher Scientific, Waltham, USA), was used for PCR reaction. Cycling conditions, 95°C for 10 min, followed by 30 cycles of incubation at 94°C for 30 s, 60°C for 30 s and 72°C for 120 s, and a final extension step at 72°C for 2 minutes. PCR products were visualized using electrophoresis on 1.5% agarose gels using DNA purified from the gel using the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany). DNA was quantified using the Quant-iTPicoGreen dsDNA Assay (Thermo Fisher Scientific, Waltham, USA) and equimolar amounts of the PCR products were pooled together. Purified amplicons were paired-end sequenced on an Illumina Mi-Seq platform. QIIME data analysis package was used for 16S rRNA data analysis [21] . Quality filtering on raw sequences was performed according to base quality score distributions, average base content per read and GC distribution in the reads. Chimeras and reads that did not cluster with other sequences were removed. The obtained sequences with qual scores higher than 20 were shortened to the same length of 350 bp and classified with RDP Seqmatch with an operational taxonomic unit (OTU) discrimination level set to 97%. The relative abundance of the taxonomic groups was calculated to the microorganisms detected in this study. Sequences were compared using the BLAST feature of the National Center for Biotechnology Information (NCBI) [22] .
The sequences were uploaded to Geneious 7.1.9 for comparative genomic analyses [23] . Alignments of sequences were performed in Geneious 7.1.9 using Clustal W with the BLOSUM cost matrix, and clustering was performed by the neighbor-joining method [24] .
Statistical analysis
The results were processed by methods of variation statistics and analyzed using software Statistica 12 (www. statistica.software.informer.com) and Origin 7.0 (www. origin-lab.com). The value of the statistical reliability of the parameters was tested using Fisher test (F-test). The assessment of the reliability of the difference between the statistical characteristics of alternative sets of data was tested using t-test. Obtaining equations of functions approximation of the experimental data were performed by least squares [25] . The share of impact (η 2 , %) of the temperature, pH and redox on the microbial diversity, Fisher coefficient and the reliability of the effect was calculated [26] . 
Results
As our research results have shown, the production of biogas composition was depended on the ratio of main substrate in specific anaerobic digesters. The lowest level of the produced methane (47%) was detected in the anaerobic digesters located in Modřice. This can be attributed to the fact that this anaerobic digester is a wastewater treatment plant which is not a typical biogas reactor unlike anaerobic digesters 2-7. The highest methane production (52%) among all typical anaerobic digesters was found in the reactor with a mixture of the substrates including maize silage, sugar beet pulp, whole crop silage, cattle manure, and grass silage in ratio of 29:39:12:15:5, respectively. The main genera were investigated in different fermenters by amplification of 16S rRNA gene and using Illumina sequencing. The greatest diversity of methanogenic microorganisms was detected in the anaerobic digesters from Modřice where two types of substrate were used (primary sludge and biological sludge, 50:50). The most abundant genera identified included:
Methanoculleus, Thermogymnomonas, Methano-bacterium, Methanolinea, Methanosaeta, Methanobrevibacter, Methanospirillum, Thermoplasmata and Thermoprotei (Table 3) .
However, not all of these genera among this wide range were detected in other typical biogas reactors. The Methanimicrococcus genus was not detected in the fermenter from the wastewater treatment plant but it was present (0.6%) only in the anaerobic digesters (2) which included the following substrates: maize silage, whole crop silage, and poultry litter in proportion of 63:31:6, respectively. Methanobacterium was present in the same anaerobic digesters (0.29%) as well as in anaerobic digesters 5 (1.12%) and 7 (0.88%). Two genera, Methanoculleus and Thermogymnomonas, were dominant methanogenic microorganisms in all the anaerobic digesters. The total number of Archaea genera was different in each anaerobic digester; however, there was no statistically significant difference in methane production. The greatest number of methanogenic genera (Methanoculleus and Thermogymnomonas) was detected in anaerobic digester 6 (maize silage and sugar beet pulp were of 70:30), where the methane production reached up to 48%. Methane production was highest in anaerobic digester 5 (52%), despite the fact that these genera were not found in significantly high numbers (445 OUT·ml -1 ). Obviously, methane production was not dependent on the number of methanogens but on the type and ratio of specific consumed substrate in the anaerobic digesters.
Based on our data, the percentage ratio of Methanoculleus and Thermogymnomonas in the anaerobic digesters (in %) was of 35:24 at Modřice, 95:4 at Bratčice, 96:4 at Pánov, 74:26 at Úvalno, 88:11 at Horní Benešov, 95:5 at Rusín, and 86:13 at Loděnice (Fig. 2A) . In view of the fact that greatest diversity of Archaea populations was observed in anaerobic digesters of the wastewater treatment plant located in Modřice, the abundance of the following genera was determined as follows Methanoculleus (34.51%), Thermogymnomonas (23.89%), Methanobacterium (11.50%), Methanolinea (16.81%), Methanosaeta (4.42%), Methanobrevibacter (1.77%), Methanospirillum (4.42%), Thermo-plasmata (1.77%), and Thermoprotei (0.88%) (Fig. 2B ). To estimate the genetic relations of the methanogenic Archaea populations in each anaerobic digester, the sequences of their 16S rRNA gene and sequences of the strains from GenBank were compared. The genomic sequences of methanogenic Archaea are stored in GenBank under accession no. KY120416, KY194698, KY123253, KY123349, KY123345, KY123354, KY123353, KY123343, KY123344, KY123348, KY123356, KY123351, KY123347, KY123355, KY123352, KY123357, KY123350, KY123342, KY123346, KY123358, KY172647, KY172644, KY172648, KY172661, KY172660. The phylogenetic tree of these relationships in each fermenter was constructed (Fig.  3) . The identity of sequences of 16S rRNA gene Archaea from different anaerobic digesters with the strains from GenBank is demonstrated in Fig. 3, 4 .
Based on all sequences of 16S rRNA, gene Archaea from different anaerobic digesters, a phylogenetic tree demonstrating genetic relationship in each fermenter together was constructed. The identity of sequences of 16S rRNA gene with different strains from GenBank is shown on Fig. 4 By the results of this analysis, the dependence on the studied factors was apportioned based on the experimental data for temperature (a 1 ), pH (a 2 ), redox (a 3 ), total solids (a 4 ), and volatile solids (a 5 ) ( Table 4) .
Analysis of regression coefficients allowed the ascertaining of the extent and the influence of the factor for each effective variable. The most important parameters affecting methane production were detected pH (a 2 ) and total solids (a 4 ), which reached up to 6.948±0.49 (P>0.99) and -2.46±0.45 (P > 0.95), respectively. The negative sign of the coefficient (a 4 ) in the multiple regression models indicated that the increased total solids (a 4 ) led to a reduction of CH 4 level. In turn, increase in pH (a 2 ) caused the accumulation of CH 4 in the fermenter. Levels of other gases was dependent (1.695 ± 0.75) on total solids (a 4 ). There is no significant effect of the pH on H 2 level. Multiple correlation coefficients and coefficients of determination of CH 4 , CO 2 , H 2 , and other gases in this study indicated to a close relationship of variables with the effective factors. The coefficient of determination indicated that the share of influence of each parameter on level of CH 4 and H 2 was calculated in the range from 0.975 to 0.999. Regression analysis showed that the temperature (a 1 ), pH (a 2 ), redox (a 3 ), total solids (a 4 ), and volatile solids (a 5 ) for the variability parameters of CH 4 and H 2 production in the anaerobic digesters were important from 97.5% to 99.9%.
Discussion
Multiple correlation coefficients and determination coefficients indicated a close relationship with the percentage of biogas production and investigated factors.
The coefficient of the correlation and determination was up to 0.99. The coefficient of determination indicated the share of influence of selected parameters on effective sign. These results show that the model is adequate to the experimental data and tested by using Fisher criterion [26] .
Biogas, composed from methane and carbon dioxide, is the end product of the anaerobic digestion process. In this process a wide range of microorganisms is involved, including hydrolytic, acidogenic and acetogenic bacteria and finally methanogenic Archaea [27] . Methane Comment: R is a determination coefficient, R 2 is a correlation coefficient, F is Fisher coefficient, *P > 0.95, **P > 0.99, ***P > 0.999 were statistical significantly. The methanogenic populations of the microorganisms depend on the different type and initial amount of substrate ratio in the anaerobic digesters as was described in the paper [42] . Two dominant morphotypes of these microorganisms in the anaerobic digesters were 99% identical to the sequences of 16S rRNA gene to the Methanoculleus and Thermogymnomonas genera deposited in GenBank. The greatest variety of morphotypes, genetically similar to genera of Methanoculleus, Thermogymnomonas, Methanobacterium, Methanolinea, Methanosaeta, Methanobrevibacter, Methanospirillum, Thermoplasmata and Thermoprotei, was detected in the wastewater treatment plant.
On the other hand, it should be noted that the diversity of methanogenic microorganisms and their biogas production can depend on other bacteria in the bioreactor including sulfate-reducing bacterial population [5] . These bacteria can use also organic compounds and produce toxic hydrogen sulfide, and can compete for substrate or electron donor (hydrogen) [43 -46] . This competition and production of high concentrations of hydrogen sulfide can inhibit methanogenic Archaea. However, one of the solutions can be usage of different compounds [47 -51] , which can inhibit this bacterial group and their sulfate reduction.
The sequences of 16S rRNA gene of these microorganisms from methane anaerobic digesters compared to the sequences of the strains from GenBank and the phylogenetic trees can show their genetic relationship. The number and diversities of the genera as well as the production of methane depends on the ratio of the principle substrates in each anaerobic digester. The highest methane production (52%) was found in the reactor with a mixture of substrates which included maize silage, sugar beet pulp, whole crop silage, cattle manure, and grass silage in a ratio of 29:39:12:15:5, respectively.
Conclusions
Methanogenic Archaea have been isolated from various anaerobic digesters and their diversity under the effect of different substrates has been observed. New isolates of these microorganisms and their study are important for the optimization of biogas production and its quality. Also, this research provides better understanding on interaction between methanogenic Archaea and other physiological bacterial groups during the process of methanogenesis in the anaerobic digesters and how different substrates have impact to this interaction. producing microorganisms are very stable and flexible, but they are also very often unclassified. The results of our work are in agreement with other research articles [1, 9, 28, 29 -30] . The species of Methanoculleus genus seems to play the key role in different biogas fermenter systems [30 -33] .
The dominant methanogen detected in all evaluated anaerobic digesters was Methanoculleus bourgensis. Other papers state that Methanoculleus bourgensis was isolated from fermenters performing syntrophic acetate oxidation under high ammonium concentrations [34 -37] . Unfortunately, Methanosaeta, Methanobacterium, and Methanocorpusculum negatively correlated with high ammonium concentrations, which can be suggest that the application of methanogenic Archaea adapted to specific feedstock [38] . Fotidis et al, (2013) and Schnürer et al., (1996) stated that syntrophic association can be observed in anaerobic digesters between Methanoculleus bourgensis and Clostridium ultunense, acetate-oxidizing bacterium. Bioaugmentation involving Methanoculleus spp. in culture together with syntrophic acetate oxidation bacteria seems to be a feasible approach to decrease the period of adaptation in anaerobic digesters processing substrates with high ammonium/ammonia concentrations [35, 39] .
The results of 16S rRNA gene sequence analysis classified the isolate as a member of the species Methanoculleus bourgensis, sequence identity 99% to the 16S rRNA gene of strain MS2T [40, 41] . Genomic DNA of strain BA1 was isolated using sequenced applying the paired-end protocol on an Illumina MiSeq system. In our work, using the same approach, the sequences of Methanoculleus bourgensis was prevailing in all anaerobic digesters [30, 41] .
Another genus which was detected in the digesters was Thermogymnomonas. This strain, thermoacidophilic, cell wall-less archaeon was isolated from a solfataric field in Ohwaku-dani, Hakone, Japan. The cells were irregular cocci, sometimes lobed, cup-shaped or squares forming, and were variable in size. The diameter of cells varied from 0.8 to 8.0 µm [29] . This strain was identified by Itoh et al. (2007) as Thermogymnomonas acidicola. The strain grew at temperatures from 38 °C to 68 °C (optimum 60 °C) and at pH range 1.8-4.0 (optimum pH 3.0).
To the order of Thermoplasmatales also belongs the strain IC-189 T despite its different metabolism. It is an obligate aerobe microorganism with the heterotrophic metabolism what diverges it from species of the genera Thermoplasma, Picrophilus and Ferroplasma (order Thermoplasmatales). Strain IC-189 T requires yeast extract for its growth, in combination with glucose and mannose as energy and carbon source [29] .
